The process to develop a chromatographic method for fingerprinting complex matrices should be performed through a multiparameter approach that could lead to the desired separation and save environmental resources such as organic solvents and energy. In other words, this process should be pursued by employing an optimized experimental design and having a response function which takes into consideration separation parameters together with environmental parameters. Green Analytical Chemistry principles should be pursued during all steps of the research. This work presents a heuristic approach to develop a highperformance liquid chromatography method for fingerprinting an extract from leaves of Cynara scolymus L., a food plant consumed worldwide. A fractional factorial design was used to identify relevant chromatographic variables followed by a comprehensive design for optimization purposes (Doehlert design). A response function called green chromatographic fingerprinting response was employed to obtain a compromise between fingerprint quality and low environmental impact of the method. This optimized approach led to the development of a robust and green method for fingerprinting C. scolymus by HPLC-PAD. This method proved to be greener than the reference method reported in literature and compatible even with no state of art HPLC instruments because the system backpressure did not exceed 15 MPa and the column temperature was 35°C.
Introduction
Artichoke (Cynara scolymus L.) is an herbaceous plant mainly cultivated in Europe, where its fleshy leaves and receptacle (known as Bheads^) are an important ingredient of the Mediterranean diet, and it has been considered as an Intangible Cultural Heritage of Humanity. It also has been cultivated for over a century in South America, where its production is increasing (López-Molina et al. 2005; Lutz et al. 2011; Unesco 2010; Romani et al. 2006) . The artichoke heads (fleshy leaves and receptacle) are consumed fried, boiled, and/or steamed, and used in many recipes due to its pleasant taste. It is a source of proteins, minerals, dietary fibers, and fructo-oligosaccharides, etc. (Romani et al. 2006; Zhu et al. 2004; Pandino et al. 2011; Wu et al. 2013) .
Additionally, artichoke leaf extract has been used in folk medicine for centuries, mainly due to its choleretic, diuretic, and hypocholesterolemic activities (Rodriguez et al. 2002; Fritsche et al. 2002; Bundy et al. 2008) . These traditional uses have been supported by scientific investigations over the years. Antimicrobial, antioxidant, antiglycemic, and digestive properties etc. have been reported for this plant (Zhu et al. 2004; Zapolska-Downar et al. 2002; Fantini et al. 2011; Marakis et al. 2002; Holtmann et al. 2003) . Its pharmacological activities have been associated with compounds such as caffeoylquinic acids (e.g., 1,3-Di-O-caffeoylquinic acid, or cynarin), flavonoids (e.g., luteolin-7-rutinoside), and sesquiterpene lactones (e.g., cynaropicrin) (Zhu et al. 2004; Bundy et al. 2008) . A variety of pharmaceutical preparations and food supplements containing artichoke leaves and flowers are offered on the market (Schütz et al. 2006) .
The development of safe and efficient medicines from plants is a difficult task because plant materials can have multiple compounds that can even work synergistically (Liang et al. 2004; Liang et al. 2010; Qian et al. 2007; Xie et al. 2007) . A multicomponent approach should be preferred over a single component one for standardizing and quality controlling a medicinal plant and its derived products. A proper chromatographic fingerprint is suggested by agencies such as the US Food and Drug Administration (FDA), the European Medicines Evaluation Agency (EMEA), and even World Health Organization for this purpose (Li et al. 2010 ; The European Agency for the Evaluation of Medicinal Products 2006; Tistaert et al. 2011; US Food and Drug Administration 2004; World Health Organization 1991) .
Thus, development of a chromatographic method for quality control of a medicinal plant should be driven by a heuristic approach, and design of experiments (DoE) can fit this goal. As opposed to a univariate (or trial-and-error) proposal, DoE is a multiparameter approach that performs simultaneous, impartial, and systematic evaluation of all factors of interest, where the number of experiments is minimized while maximum information is obtained from experimental data, saving time and resources. DoE allows researchers to identify interactions among the factors and to build useful response surfaces to predict the optimal experimental conditions (Myers et al. 2016; Montgomery 2017) . The selection of the factors to be evaluated, the response function to be monitored, and even the experimental design itself should consider green analytical chemistry (GAC) concepts and principles (Gałuszka et al. 2013) . In other words, a resource-saving approach should be pursued from the method development process.
This work aimed to offer an efficient, green, and affordable HPLC-PAD method for fingerprinting extracts of leaves of C. scolymus. For that, (1) a multiparameter and multianalyte approach was adopted, (2) the design of experiments was rigorously selected to save energy and solvent during all the method development process, (3) ethanol was selected as the organic modifier, (4) standard HPLC conditions were employed during all method development to be compatible even with non-state-of-the-art instruments, and (5) the environmental performance of the method was compared with a reference method previously reported.
Experimental

Chemicals and Reagents
EtOH (HPLC grade; Tedia®, USA), ultrapurified water (Millipore®, USA), and acetic acid (AcOH, AR grade; Synth®, Brazil) were used as mobile-phase components and extraction media in this work.
Plant Material
Authentic leaves of C. scolymus were kindly provided by Centroflora Group (Lot 200112.122) , located at the city of Botucatu, SP, Brazil.
Extraction and Concentration
A portion of approximately 10 g of dry C. scolymus leaves was extracted by maceration with three aliquots of 100 mL of the binary mixture of EtOH/H 2 O (7:3, v/v) at 40°C, with constant stirring and replacement of the extractive solution every 48 h, with a total extraction time of 144 h. The fluid solutions were collected and concentrated at 40°C by an R-300 rotary evaporator (Buchi®, Switzerland) to obtain the dried hydroalcoholic extract of C. scolymus leaves.
Pre-Treatment Using Solid Phase Extraction (SPE)
Samples were treated before injection in the HPLC system by solid phase extraction (Sep-Pak C 18 cartridge, Strata-E, 500 mg/3 mL; Phenomenex®, USA). The stationary phase was activated with 6 mL of EtOH and equilibrated with 6 mL of EtOH/H 2 O (7:3, v/v). The equilibrated stationary phase was then loaded with 50 mg of the hydroethanolic dry extract of C. scolymus leaves (HECL) and eluted with 2 mL of the equilibrating solution in order to eliminate chlorophylls and other low-polarity compounds. This procedure was adopted because the objective was to obtain a selective fingerprint of the high and middle polarity compounds with phytotherapeutic properties. The sample at a concentration of 25 mg mL −1 was filtered through a PTFE filter (0.45 μm, 25 mm; Phenomenex®, USA).
High-Performance Liquid Chromatography Analyses
HPLC analyses were performed using an HPLC-PAD apparatus (Jasco®, Japan 
Multivariate Analyses-Fractional Factorial Design and Doehlert Design
Initially, five chromatographic factors were screened by means of a fractional factorial design (2v 5-1 ) (Table 1) . Later, the statistically significant factors were inserted in a Doehlert design (Table 2 ) with the aim of finding a mathematical model that could indicate an optimal point. Two responses were monitored: number of peaks (n) and green chromatographic fingerprinting response (GCFR, Eq. 1).
where n is the total number of peaks of the chromatogram, t is the total chromatographic run time, FP is the number of peaks in the half-part of the chromatogram with fewer number of peaks, and MP is the number of peaks in the other half-part of the chromatogram with more peaks. The higher the GCFR score, the better by means of global chromatographic optimization. Further information about GCFR is provided elsewhere (Funari et al. 2014; Ji et al. 2005) . Although any manifestation with signal/noise (S/N) higher than 3 is considered a peak in HPLC, only those with S/N higher than 100 (Openchrom® software) were taken into consideration for both responses monitored in this work because this ratio allowed UV spectra to be recorded, an important parameter in this work.
Measuring the Environmental Impact of the Optimized Method
A metric called Environmental Assessment Tool (HPLC-EAT, Eq. 2) was employed to estimate the environmental impact of the method compared with other methods described in the literature for similar purposes (Gaber et al. 2011) .
where S, H, and E refers to a score attributed to each solvent (1 − n) based on the impact on safety, health, and environment, respectively. Each score is multiplied by the mass (m) of the solvent. Detailed information is provided elsewhere (Gaber et al. 2011) . The HPLC-EAT final score for a method is easily calculated with free software provided by the authors (Gaber et al. 2011) . For this metric, a higher score indicates a high environmental impact; therefore, the lower the score, the better.
Validation of the Optimized Method
The validation of the optimized method followed International Conference on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH Harmonised Tripartite Guideline 2005) until repeatability analysis. The monitored parameters were selected based on those proposed by Funari et al. (2014) for complex matrices. Thus, the quality of the method was checked by taking the relative standard deviation (RSD) among (1) the total peak areas of the chromatograms and (2) the ratios between the retention time of any peak with an area > 4% of the total peak area and the retention time observed for a reference peak (indicated with an asterisk in Fig. 3 ).
Results
Screening Variables-Fractional Factorial Design 2v
5-1
According to normal probability plots ( Fig. 1) , variables X1, X3, and X4 proved to be the most important variables for number of peaks response, whereas the variables X1, X3, and X5 proved to be the most important ones for GCFR response. Although X5 did not present high significance in the normal probability plot for GCFR (Fig. 1b) , a statistical evaluation of results (ANOVA) shows that this variable could be influential in the model; therefore, it was kept for the Doehlert Although the linear models did not find lack of fit, this type of design is employed as an initial step of investigation, as it does not allow evaluation of the curvature of the a b Fig. 1 Normal probability plots for contrasts regarding a number of peaks and b GCFR responses in fractional factorial design 
Optimization of Chromatographic Conditions by Doehlert Design
Once the four most relevant variables were determined, a Doehlert design was applied to optimize the chromatographic conditions. The design itself as well as the outputs can be found in Table 2 . From this set of experiments, the variables X4 and X5 were revealed to be not significant at 95% of confidence. Thus, the following mathematical models were built as a function of initial percentage of B (X1), the temperature of the chromatographic run (X3) for number of peaks (n, Eq. 3), and green chromatographic fingerprinting response (GCFR, Eq. 4): 
R 2 and maximum explainable variance for Eq. 3 were 0.84 and 95.3% and for Eq. 4 were 0.91 and 96.7%. In addition, experimental F values for number of peaks (n) model were 35.89 (regression/residual) and 2.31 (lack of fit/pure error), with critical values of 3.10 (F 3,20,95% ) and 2.98 (F 10,10,95% ), respectively. For GCFR model, experimental F values were 48.69 (regression/residual) and 2.31 (lack of fit/pure error), whereas critical values were 2.90 (F 4,19,95% ) and 2.95 (F 8,11,95% ), respectively, considering the degrees of freedom and pure error related to replicates in central point and additional replicates obtained after the elimination of nonsignificant coefficients (Pereira Filho 2015). These F tests showed that the regression is statistically significant because the experimental F (regression/residual) is around 12 and 17 times the critical value for n and GCFR responses, respectively. No lack of fit was observed for both models since F values < F critical . Response surfaces were built from the Eqs. 3 and 4 (Fig. 2) . They predicted a common optimal for number of peaks and GCFR with initial percentage of EtOH (X1) and temperature of analysis (X3) at 5% and 35°C, respectively. This should lead to 21 peaks and a GCFR score of 95.09. Thus, the whole chromatographic condition tested was 5-50% of EtOH in 30 min, at 1 mL min −1 and at 35°C. The percentage of acetic acid in water was fixed at 0.5% (v/v). This condition was applied in triplicate, and the observed experimental values were 19.33 ± 0.58 peaks and a GCFR score of 92.53 ± 18.8, which are very close to the predicted values. A representative chromatogram for the optimum point is shown in Fig. 3 .
Validation of the Optimized Method
Instrumental Precision
The instrumental precision was evaluated with nine consecutive injections of the same sample at the concentration of 25 mg mL −1 and the same vial (ICH Harmonised Tripartite Guideline 2005). The RSD of the total peak area was 3.83%, whereas the maximum value for RSD regarding relative retention time was 0.58%.
Repeatability
Repeatability was also determined using nine consecutive injections, varying sample concentrations in three levels and three replicates for each level. Three samples with three different concentrations of vegetal material (5, 15, and 25 mg mL
) from HECL were prepared and each one of those, in three different vials, were injected three times (ICH Harmonised Tripartite Guideline 2005) . The maximum RSD of the total peak area was 2.77%, whereas the maximum RSD observed for relative retention time was 1.01%.
Discussion
Fractional factorial design was able to indicate four statistically relevant variables in a reduced number of experiments. The Doehlert design led to satisfactory mathematical models for both responses (number of peaks and GCFR). The common predicted optimal point was later experimentally confirmed. The optimal GCFR found increased 52% relative to the best result obtained for the experiments circumvented in the original experimental design (run 10, Table 2 ). This result confirmed the high quality of the mathematical models.
From the original set of experiments (Table 2) , it became clear that the synergistic interaction between X1 and X3 strongly influenced the distribution of the peaks across the chromatogram (second term of GCFR, Eq. 1) as well as the number of peaks per time (third term of GCFR, Eq. 1). From Table 2 , the highest values for these terms were obtained when X1 and X3 were investigated in the lowest levels. The best scores for both monitored responses (run 10 followed by the runs 7 and 6, Table 2) were achieved when factors X1 or X3 was investigated at − 0.87 and − 0.82, respectively, or 5% of ethanol and 35°C of oven temperature.
The fingerprint of HECL (Fig. 3) at 350 nm was found to be dominated by compounds with UV spectra typical of compounds derived from caffeic acid (peaks 1, 2, 4, and 5) and flavones (peaks 3 and 6), which are classes of substances that have already been reported for C. scolymus (Negro et al. 2012 ). This was important as the reported pharmacological activities for this species rely on compounds belonging to these classes. With regard to the separation and resolution of the peaks, it is important to emphasize that the developed fingerprint has qualitative purposes. In this way, a degree of overlapping and/or non-Gaussian normal distribution for peaks are accepted if the researcher is able to successfully access the chemical complexity of the sample and handle the related data regarding all detected peaks (Alaerts et al. 2010; Ji et al. 2005; Liang et al. 2010; Klein and Rivera 2000; Gong et al. 2003) . In fact, it was possible to obtain a good selectivity, considering that we were able to analyze the UV spectrum of each peak in all samples analyzed in the validation, including in the evaluation of the repeatability parameter, where the sample concentration varied from 5 to 25 mg mL −1 and the chromatographic profile did not present changes. In this context, the minor separation factor and resolutions for the developed fingerprint in relation to the reference method did not damage selectivity. Regarding environmental aspects, Doehlert design is a type of DoE that is considered one of the best alternatives to obtain mathematical model. The four-factor Doehlert design uses a reduced number of experiments compared to central composite design and Box-Behnken. The disadvantage is that this lower number of experiments decreases the number of degrees of freedom for residuals. However, in our case, this was not a problem since we had at least 19 degrees of freedom for residuals. Thus, the selection of a fractional factorial design for screening variables and a Doehlert design for optimization purposes are in accordance with three principles of GAC, which state that the generation of a large volume of analytical waste should be avoided (principle 7), that a multianalyte (both response functions employed fit this point) or multiparameter methods are preferred (principle 8), and that the use of energy should be minimized (principle 9).
The selection of ethanol and acetic acid as organic modifiers instead of the widely used acetonitrile and methanol plus formic or trifluoroacetic acid was in accordance with other three principles of green chemistry which state that reagents obtained from renewable sources should be preferred (principle 10), toxic reagents should be eliminated or replaced (principle 11), and that the safety of the operator should be increased (principle 12).
The multivariate quadratic models (Eqs. 3 and 4) indicated that the lowest investigated levels for initial percentage of the organic solvent (X1) and temperature of analysis (X3) should lead to the best chromatographic fingerprint according to both monitored responses. These also fit principles 7 and 9 of GAC mentioned before. The variable X1 presented a high significance for the optimization of the chromatographic separation for both monitored responses because it is directly related to the force of elution of the mobile phase (Snyder et al. 1997 ). In Fig. 2 Response surface plots for a number of peaks and b GCFR responses at Doehlert design this context, the higher investigated experimental value for X1, the higher is the eluotropic force solvent system as mobile phase and the lower the number of peaks and GCFR score. Regarding the variable X3, where higher experimental values are investigated in the runs, there occurs a decrease in viscosity, changes in dielectric constant and pH of the mobile phase, as well as the arrangement of the stationary phase ligands and diffusion of the analytes (Heinisch and Rocca 2009; Dolan 2002; Snyder et al. 1997) . As a consequence, a higher dissolution of the analytes in the solvents and lower interaction with the stationary phase (decrease in the amount of analyte equilibria between the mobile and stationary phases) occur, promoting co-elution of the peaks. This phenomenon also decreases the responses n and GCFR.
On the other hand, the levels of variables X4 and X5 were fixed at 0.5% of acetic acid (A) and 1 mL min −1 , which were not the best levels from a green chemistry standpoint. From this perspective, 0% acetic acid and 0.6 mL min −1 would be preferred, but the decision for 0.5% acetic acid as A and 1 mL min −1 was made taking into consideration the improvement of the peak shapes (avoiding ionization of acidic analytes) and resolutions to values considered satisfactory to UV spectra recording (e.g. run 11 in fractional factorial design and the tested possible optimum points). It is well known that employing an acid in the mobile phase can avoid ionization of acidic analytes, as expected for HECL, and, thus, improve peak shapes and resolution (Snyder et al. 1997) . A simple and freely available tool called HPLC-EAT (Eq. 2) was employed to quantify the environmental impact of the method proposed here for the fingerprint of C. scolymus (Gaber et al. 2011) compared to the reference method reported in literature by Negro et al. (2012) for a similar purpose. This method was selected as a reference method among other ones available in the literature because in our opinion it presents the best compound separation, resolution, peak shape, and online UV spectra, employing acetonitrile (MeCN) as the mobilephase organic modifier, which is the most used organic solvent in HPLC (thus, MeCN can be considered a reference solvent in reverse phase liquid chromatography). In previous calculation, the pretreatment of the sample was taken into consideration. The method proposed here and the reference method presented scores of 19.6 and 81.0, respectively, which evidenced the greenness of the method proposed here compared to the reference method. That can be mainly explained by the favorable scores of EtOH when compared with MeCN regarding safety, health, and environmental impacts (Gaber et al. 2011) . EtOH is considered a greener alternative to HPLC due to its relatively low toxicity and to its biodegradability. MeCN is strongly undesired from the green analytical chemistry standpoint since it is toxic to mammals and aquatic life (Hutchinson et al. 2012; Fritz et al. 2009 ). A minor impact on HPLC-EAT scores was due to organic solvent consumption in the methods under comparison. The method proposed here consumed 20.5 mL of EtOH, whereas the reference method consumed 23.2 mL of MeCN.
Later, the ratios between GCFR and HPLC-EAT were also calculated for both methods. This ratio considers parameters of separation given by GCFR with environmental parameters given by HPLC-EAT, thus providing a more heuristic view of the process of separation (Funari et al. 2014 ). According to this hybrid metric, the higher the score, the better. Therefore, it was applied for both methods under comparison, leading to 4.72 ± 0.20 and 0.02 ± 0.00 for the method proposed here and the reference method, respectively.
Regarding the instrumental precision and repeatability, RSD values compatible with good methods for fingerprinting complex samples were observed (Funari et al. 2014) .
Conclusion
This work showed an efficient and less impactful way to obtain a chromatographic fingerprint of a C. scolymus leaf extract. This is because the method developed here was obtained from a multiparameter approach and considered separation and environmental parameters at the same time. Throughout the development process, lean experimental designs were selected, as well as a low toxicity and biodegradable organic modifier (ethanol). Although EtOH is more viscous than acetonitrile (the organic solvent employed in the reference method), this showed to be compatible even with non-state-of-the-art instruments since it does not exceed 15 MPa of backpressure and the temperature for analysis is very close to room temperature. It shows that the migration of HPLC methods for greener ones did not require changes in the HPLC instrumentation itself, but it requires a change from a traditional method development approach to a more heuristic one, where the concept of performance considers parameters of separation in conjunction with environmental parameters.
